ABSTRACT: In this study we assessed the impact of meteorological droughts on streamflow droughts in 187 river basins of the Iberian Peninsula. For each basin we correlated the 1 mo to 48 mo standardized precipitation index (SPI) with the standardized streamflow index to assess the response time of streamflow droughts to the SPI, and to determine the best climatic time scale over which to monitor hydrological droughts. In addition, we analyzed the effects of dam construction and reservoir use on changes in the response of hydrological droughts. The analysis revealed 2 main types of hydrological drought response to meteorological drought: (1) a peak response pattern involving enhanced hydrological sensitivity at short SPI time scales, which largely characterized basins in the northern sector of the Iberian Peninsula, and (2) a sustained response pattern involving greater sensitivity to meteorological droughts at much longer time scales, which primarily characterized the central and southern basins of the Iberian Peninsula. Water management has significantly altered the natural hydrological response to meteorological droughts, delaying the impacts of precipitation deficits over long time scales, especially downstream of reservoirs used for irrigation purposes.
INTRODUCTION
Analysis of the temporal dynamics of water resources in the Mediterranean basin is complex because of the high degree of natural variability in the climate (Mariotti & Struglia 2002 , Iglesias et al. 2007 , García-Ruiz et al. 2011 , the changes in land use that have occurred in the headwaters of the river basins (Vicente- Serrano et al. 2004a , Lasanta et al. 2005 , Sluiter & De Jong 2007 , and the intensive regulation of water resources to supply urban areas and agriculture (Batalla et al. 2004 , López-Moreno et al. 2009 , Lorenzo-Lacruz et al. 2010 . To assess the possible consequences of climate change for the future availability of water resources in the region it is necessary to understand the relationships between climate variability and the occurrence of hydrological droughts in vulnerable regions, such as the Iberian Peninsula (IP).
There are many uncertainties in estimating the impacts of climate change processes on water re sources (Raisanen 2007 , Raje & Mujumdar 2010 , Alkama et al. 2011 , Finger et al. 2012 . These uncertainties are related to difficulties in establishing direct relationships between climate variability and hydrological variables (e.g. streamflow, lake levels, reservoir storage rates), which are a consequence of the influence of land use changes (Beguería et al. 2003 ) and varying water management strategies (López-Moreno et al. 2007 ). Moreover, other factors can modify the hydrological response to climate variability. It has been observed that longer water transit times occur in basins dominated by subsurface flow and aquifer recharge processes. This produces a slow response in terms of surface runoff generation, and, consequently, substantial temporal delays occur in water reaching the main river courses following rainfall events (Soulsby et al. 2010) . Other factors that have to be taken into account are those related to snow accumulation and melting, as these are responsible for the delay between precipitation that occurs during winter and the streamflows in the following months; this can critically affect water resources availability during the dry season (Adam et al. 2009 ).
Assessing the availability of water resources requires consideration of the impacts of human influences on the hydrological cycle due to water regulation. For example, the combined effects of reservoir management and water extraction for irrigation purposes during the second half of the 20th century are estimated to have generated a decrease of 2.1% in the mean planetary river discharge (Biemans et al. 2011) . Human perturbations make it difficult to distinguish climatic influences, particularly as the hydrological response to precipitation can vary significantly among basins and as a function of time (Elfatih et al. 1999 , Pandey & Ramasastri 2001 , VicenteSerrano et al. 2011 , because of the complexity and changing frequencies of climatic and hydrological variables (Skøien et al. 2003) .
Drought is a multi-scalar phenomenon (McKee et al. 1995) , with the effects of precipitation deficits (mete o rological drought) becoming evident in different systems (e.g. surface and groundwater hydrology, agriculture) at different temporal scales. This is very important for quantifying and monitoring droughts, as the temporal scales over which precipitation deficits accumulate distinguishes different drought types; knowledge of these differences facilitates quantification of the delays between meteorological and hydrological droughts. Previous studies have shown that the response time with respect to preceding meteorological conditions is highly variable among regions and basins, and mainly depends on the physiographic characteristics of the basin (geology, topography, soils and vegetation), precedent meteorological conditions (evapotranspiration rates, snow cover and rainfall intensity), and water management strategies (Post & Jakeman 1996 , LorenzoLacruz et al. 2010 , Fleig et al. 2011 .
This complexity highlights the need for a more in depth analysis of the ways in which streamflow responds to climate fluctuations at various time scales. Advances in this field are necessary to improve the assessment and forecasting of water resources in a global change context, but also to obtain a better understanding of the streamflow response to recent climatic variability. To date, some analyses have been done in this direction, revealing a prominent hydrological response to precipitation deficits at short time scales in unregulated basins (Szalai et al. 2000 , LorenzoLacruz et al. 2010 , VanLoon et al. 2012 ). Nevertheless, the aforementioned studies were restricted to small or independent river basins, lacking a broad spatial perspective which would allow comparability and an easier interpretation of the results. This study is a novel contribution to the analysis of the temporal re sponse of streamflow to precedent climatic conditions at a regional scale, including most of the river basins of the IP. It also represents an attempt to explain the different types of hydrological responses to precipitation deficits in terms of water management (reservoir uses) and aquifer recharge−discharge processes.
In this study we analyzed the temporal response of hydrological droughts to precipitation deficits in 187 Iberian drainage basins, which we quantified using the standardized precipitation index (SPI) calculated at various time scales (1 to 48 mo). We thus analyzed the meteorological drought time scales that determine the occurrence of hydrological droughts, and assessed how water management strategies, reservoir use and basin lithology condition and alter the hydrological response to meteorological droughts on the IP.
The extensive hydrological dataset used in this study includes data on the majority of large basins on the IP and their main tributaries, and includes a wide variety of river regulation types. This enabled us to analyze hydrological responses to drought in both unregulated and regulated river basins.
STUDY AREA
The IP has a surface area of 583 254 km 2 , and very contrasting relief features. The mountain ranges of the area are mainly distributed from west to east and, in some cases, reach altitudes of 3000 m above sea level. The relief has shaped the river network and the spatial configuration of the major basins of rivers flowing towards the Atlantic Ocean (the Minho, Douro, Tagus, Guadiana and Guadal quivir basins) and the Mediterranean Sea (the Se gura, Júcar and Ebro basins) (see Fig. 1a ). The lo cation and topography of the IP, together with the effects of large-scale atmospheric circula-tion patterns (López-Bustins et al. 2008) , generate a southeast to northwest gradient in annual precipitation (De-Castro et al. 2005 , González-Hidalgo et al. 2011 . Precipitation varies from < 300 mm yr −1 in the southeast corner (e.g. the Murcia region) to >1500 mm yr −1 in the northwest (e.g. the Galicia region) (see Fig. 1b ). The wide variety of precipitation regimes present in Iberia, some of them characterized by long dry spells, cause large variability in the duration and frequency of droughts among the various regions of the study area (Rico-Amorós 2004 , Vicente-Serrano et al. 2004b , Vicente-Serrano 2006a , Vicente-Serrano & López-Moreno 2006 .
Moreover, dry summers and winter floods dominate the regime typical of Mediterranean rivers; this results in substantial inter-annual variability of stream flow, which produces long supra-seasonal droughts (Boix et al. 2010 .
River ) that is generated in the Cantabrian Range and the Pyrenees. The unbalanced distribution of water re sources within the IP and the rising demand for water have resulted in the construction of a dense network of dams and channels to optimize the use of available water resources. This is especially the case in the southern basins, where significant water regulation capacity by/at dams has been generated in the last 60 yr (Arroyo-Ilera 2007) . The intensive regulation of river systems on the IP is reflected in the large number of major reservoirs constructed during the 20th century (from 58 constructed in 1900 to 1195 constructed in 2000), which together account for a total storage capacity of 56 500 hm 3 (Berga-Casafont 2003 ). The IP has several characteristics that make it interesting for the study of droughts. It has high climatic variability, which explains the wide variety of hydrological regimes, and is frequently affected by meteorological droughts triggered by marked variability in atmospheric circulation and increasing water demand. Droughts on the IP are frequent; they detrimentally affect irrigated and rainfed agriculture, have negative impacts on industrial and tourism activities, cause water supply restrictions, and generate social and political conflicts (Causapé & Clavería 2007 , Quiroga et al. 2011 , Ruiz-Sinoga & León-Gross 2013 . 
DATA AND METHODS

Hydrological database: creation and validation
To create a representative streamflow database for the entire IP, raw streamflow series from 1460 gauging stations distributed across the study area were ob tained from the water agencies of Spain (Centro de Estudios Hidrográficos, Agència Catalana de l'Aigua, Agencia Andaluza del Agua and Augas de Galicia) and Portugal (Sistema Nacional de Informaçâo de Recursos Hídricos). Daily streamflow data for the IP were obtained from measurements of the daily water level at each gauging station, and the monthly river discharge at each gauge was integrated from the average daily discharge. The quality and length of the series is highly variable, and only the longest and most complete records were used to represent the major basins throughout the IP. The monthly series used encompassed the period from 1945 to 2005, with the aim of including any changes resulting from the intensive river regulation that took place in the second half of the 20th century. In total, 187 monthly streamflow series were selected, based on their record length and the percentage of data gaps (see Fig. 1a) . A complete description of the creation and validation of this hydrological database is provided in Lorenzo-Lacruz et al. (2012) .
Precipitation dataset: quality control, homogenization and gap-filling process
Analysis of the impacts of meteorological droughts on the occurrence of hydrological droughts was based on calculation of the correlations between series of the SPI (McKee et al. 1993 ) and the standardized streamflow index (SSI; Vicente- . For this reason it was necessary to use a robust and quality controlled monthly precipitation database, which encompassed the high spatiotemporal variability of precipitation on the IP (see Fig. 1b ). We used the MOPREDAS (monthly precipiation database of Spain) database developed by González-Hidalgo et al. (2011) , which is composed of 2670 monthly precipitation series of high quality (free of anomalous data and inhomogeneities) covering the period from 1945 to 2005 and the entire Spanish territory (see Fig. 1c ), and added 386 monthly precipitation series for Portugal, provided by the Sistema Nacional de Informaçâo de Recursos Hídricos (http:// snirh.pt/). The processes followed for quality control, homogenization and gap-filling of the Portuguese series were the same as those used by González-Hidalgo et al. (2011) .
We generated a precipitation grid using the combined (3056) monthly precipitation series from 1945 to 2005 that were included in the database. For spatial interpolation we applied an ordinary kriging method, using a local interpolation that included 15 stations for each prediction, based on a spherical vario gram (Isaaks & Srivastava 1989) . This provided 732 precipitation grid layers (one for each month included in the analysis) with a spatial resolution of 10 km. Following generation of the grid we calculated the basin precipitation series as the mean precipitation value of all cells included in each drainage basin. In the case of small-size basins (<100 km 2 ), the basin precipitation series correspond to the 10 km cell precipitation series where the basin lies. This generated 187 monthly averaged precipitation series (one for each drainage basin) covering the study period (1945 to 2005) .
Drought indices
SSI
To obtain a hydrological index that enabled comparison of streamflow series in time and space, regardless of the magnitude of the series and the river regimes involved, we transformed the monthly streamflow series into a dimensional series of standardized anomalies. To obtain a reliable SSI that encompasses large variability in the statistical properties of the monthly data, the series were fitted to the most suitable probability distribution, according to the minimum orthogonal distance between the sample L-moments at site i and the L-moment relationship for a specific distribution, selected from among the general extreme value, the Pearson Type III (PIII), the log-logistic, the log-normal, the generalized Pareto and the Weibull distributions. More details on the SSI calculation can be found in Vicente- .
SPI
In recent years the SPI has been among the most used drought indices worldwide for meteorological drought monitoring and impact assessment, and is considered to be a universal reference drought index by the World Meteorological Organization (Hayes et al. 2011) . The main advantage of the SPI, in addition to its ease of calculation and minimum data requirements, is its ability to quantify drought severity at different time scales; this is essential for identifying variations in the hydrological response to meteorological droughts. The SPI transforms precipitation series into series of anomalies expressed as z-scores (with a mean equal to 0 and a standard deviation equal to 1), and accumulates the precipitation deficits of different temporal duration. In this study we used the algorithm developed by Vicente-Serrano (2006b) to calculate the SPI at various time scales (1 to 48 mo), basing the calculation on the fit of the precipitation series to the PIII distribution (see also Guttman 1999 , Quiring 2009 ). From the precipitation se r ies of each of the 187 basins, we calculated the SPI at time scales ranging from 1 to 48 mo.
Statistical analysis
To assess the impacts of meteorological droughts (quantified by means of the SPI) on streamflow droughts, we calculated the correlations (Pearson's r) between the series of the SPI and the SSI. This procedure produced 187 correlation curves between these indices at time scales from 1 to 48 mo. A principal component analysis (PCA) in S mode was used to summarize the response of hydrological droughts to meteorological droughts over the en tire IP. The PCA technique is widely used by hydrologists to analyze the spatio-temporal variability of hydrological variables (Preisendorfer 1988 , Kahya et al. 2008 , Peterson et al. 2011 ; it facilitates retention of common features of the samples, and enables identification of local peculiarities. Using this approach we obtained a new set of non-correlated variables that were the linear combinations of the originals. The components were rotated to redistribute the explained variance and to obtain more physically robust patterns. This transformation was done using varimax rotation (White et al. 1991) . The coefficients of such combinations ('loading factors') represent the correlations of the components with each original variable (curves of correlation between the SSI and the 1 to 48 mo SPI). Identification of the maximum loading factor enabled us to classify each gauging station into the resulting groups. Fig. 2 provides an explanatory overview of the analysis. It shows 2 curves (red and blue lines) of correlations between the SSI and the SPI at different time scales in 2 different basins. The curves summarize the relationship (in Pearson's r units) between the standardized streamflows (i.e. the SSI) and the accumulated precipitation anomalies (i.e. the SPI). Fig. 2 also shows the temporal evolution of the SSI and the SPI at the 3 mo time scale at a given gauging station (Fig. 2a) , which coincides with the time scale of the highest correlation in the blue curve (r = 0.71), and the evolution of the SSI and the SPI at the 48 mo time scale at another gauging station (Fig. 2c) , which represents the time scale with the highest correlation in the red curve (r = 0.69). This example clearly shows 2 contrasting responses of the basins to meteorological drought, with one basin mostly responding at short time scales of the SPI and the other basin responding at longer time scales.
There are 3 methods for determining the hydrological changes created by the damming of rivers: (1) the simulation of natural flows for comparison with the altered flows measured at a concrete gauging station (Maheshwari et al. 1995 1955 1965 1975 1985 1995 2005 1945 1955 1965 Pearson's r the control station method, which compares river discharges upstream and downstream of dams (Assani et al. 2002) ; and (3) the monitoring of streamflows at the same gauging station, before and after the damming process (Richter et al. 1997 , Erskine et al. 1999 , Batalla et al. 2004 . In this study we used the latter approach, performing the analysis using all the series included in the database and for the entire study period. We also distinguished between unregulated river basins, those rivers regulated during the study period (1945 to 2005) , and rivers regulated prior to 1945, with the aim of investigating how changes caused by water regulation affect the hydrological response to meteorological drought. In the case of rivers regulated during the study period, we calculated the correlations for the periods prior to and following damming, which provided 2 curves of correlation between the SPI and the SSI. In each case we took into account the year of construction of the reservoir upstream of each gauging station considered. As our analysis was based on a very extensive hydrological database, we used PCA in S mode to summarize the general patterns of streamflow re sponse to meteorological droughts on the IP. The PCA was therefore based on the correlation values be tween the SSI and the SPI at different time scales, to enable grouping of basins with similar response times. Fig. 3a shows the results of the PCA based on the correlation curves between the SSI and the SPI at different time scales for each of the 187 gauging stations, independently of the degree of regulation. The map shows the spatial distribution of the basins and their classification according to their relationships to the various principal components. The graph next to the map shows the curves of correlation (factorial loadings of the components transformed into the original Pearson's r units) between the SSI and the SPI at time scales from 1 to 48 mo; this summarizes the response of hydrological drought conditions to meteorological drought throughout the study area.
RESULTS
General patterns
Two principal components (PC1 and PC2) together explained 91.12% of the total variance. PC1 explained 65.17% of the variance, and was characterized by short but intense responses over short time scales. The correlations were positive for all SPI time scales, although they were higher between 1 and 4 mo. The maximum correlation occurred at the 2 mo time scale (r = 0.37), following which the correlations decreased markedly and ceased to be significant at the time scale of 14 mo. This pattern showed that the SSI values were mainly dependent on the SPI, which represented the rainfall during the previous 2 mo. Spatially, this pattern was distributed along the Minho basin, the Cantabrian basins, the tributaries of the left bank of the Douro River, much of the Ebro basin, the lower reaches of the Tagus River and specific small catchments in the Guadiana, Guadalquivir and Segura basins.
The second principal component explained 26% of the total variance, and the correlations were positive in all cases. However, although the SSI response was low for short SPI time scales, it increased considerably for SPI time scales in excess of 6 mo. The maximum correlation occurred at the time scale of 12 mo (r = 0.55), although the correlations for longer time scales were significant. In this case the SSI values were particularly related to the amount of rainfall recorded during the previous 12 mo, although the role of precipitation in previous years was not negligible. This type of response characterized most of the Júcar, Guadiana, Guadalquivir and Segura basins, as well as specific sub-basins of the middle Tagus, Douro and Ebro basins.
Response in non-regulated rivers:
the role of lithology Fig. 3b shows the results of the PCA performed on the correlation curves between the SSI and the SPI at the scales of 1 to 48 mo in the 58 unregulated basins in the study. The map shows the distribution of the basins and their classification according to their relationships to the various principal components. The graph adjacent to the map shows the correlation curves (factorial scores transformed into the original correlation units) that summarize the response of the 2 patterns obtained (explaining 87% of the total variance).
In this analysis PC1 explained 67.47% of the total variance and was characterized by a response of hydrological droughts to the SPI over short time scales. The correlations were positive for the time scales of 1 to 30 mo and, as for the previous analysis the maximum correlation (r = 0.4), again occurred at a time scale of 2 mo, following which the correlation decreased markedly and was non-significant beyond the 10 mo time scale. The basins represented by this pattern were the northern mountainous watersheds draining from the Cantabrian ranges, the Pyrenees, and the Central and Iberian systems, although some systems in the south also showed this pattern, including tributaries of the right bank of the Guadalquivir River and the Andalusian Mediterranean basin. The second principal component in this analysis (PC2) explained 19.29% of the total variance. The curve shows that low correlation values between the SPI and the SSI occurred at short time scales; the correlations increased from the 6 mo time scale to a maximum (r = 0.59) at the 12 mo time scale. This pattern represented the behavior of several basins in the southern Iberian ranges (headwaters of the Tagus, Gallo, Júcar and Alfambra Rivers) and the headwaters of the Guadina and Quípar Rivers (Segura basin). Nevertheless, because in this case the response to long SPI time scales involved unregulated basins, it is unlikely that the strong temporal inertia in the response to the SPI was driven by water regulation. Fig. 4 shows the percentage of the surface area having limestone lithology among the unregulated basins that grouped into PC1 and PC2. Limestone is one of the most favorable materials for water infiltration: the porosity developed by fractures and rock alteration provides very favorable conditions for infiltration, storage and circulation of water. Furthermore, the presence of limestone in the headwaters of some basins enables aquifer recharge and discharge processes, which may account for the temporal aggregation of the hydrological response to meteorological drought conditions. The basins represented by PC1 in general have low percentages of limestone (mean < 10%), explaining why these basins were associated with rapid responses in terms of surface runoff generation, which is accounted for by the predominant presence of impermeable lithologies. In contrast, the basins represented by PC2 have significant percentages of limestone cover (mean and median > 30% and 20%, respectively); this supports the hypothesis that permeable lithologies favor the temporal aggregation of drought effects throughout the hydrological cycle.
Effects of water management
To investigate the hydrological response of regulated rivers to meteorological drought conditions, we assessed the response of those basins that had been regulated prior to the start of the study period (1945) and subsequently analyzed the changes in the response in those basins in which regulation was introduced during the study period (1945 to 2005) . The relationship between the SSI and the SPI for the 2 principal components selected, extracted from the analysis of the correlation curves at different time scales in the 58 basins regulated prior to 1945, is shown in Fig. 3c . The patterns were similar to those observed previously for unregulated basins (see Fig. 3b ): the first component (70.2% of the total variance) was characterized by high correlations between the SSI and the SPI at short time scales and the second component (21.7% of the total variance) encompassed those river systems for which the response was marked by long temporal inertia in the response of the SPI to the SSI. The maximum correlation (r = 0.4) occurred at the 2 mo time scale for the first component, while the second component showed a very sustained response, with correlations exceeding r > 0.5 for the 6 to 30 mo time scales. The first component included several catchments in the middle Douro basin and associated tributaries on the right bank, the upper and middle sectors of the Ebro River, and the lower reaches of the Tagus River. The second principal component included the headwaters of the Douro River; the Jalón, Huerva and Segre systems in the Ebro basin; and specific catchments in the Júcar and Tagus basins. Fig. 5 shows the correlation curves obtained from analysis of the 71 watersheds that were regulated during the study period. In each case we obtained 2 correlation curves between the SSI and SPI (at scales of 1 to 48 mo), one for correlations from 1945 to the year when the basin was regulated, and the other for correlations from the year in which damming was completed until 2005. The lighter colored curve represents the correlations before damming, and the darker curve, the response following damming. PC1 ex plained 32.9% of the variance and reflected a change in the observed response pattern at short time scales. Prior to regulation, these basins showed a marked response (r > 0.5) at time scales of 2 and 3 mo. The correlation curves for these basins had the same patterns following damming, but there was a de crease in the sensitivity of the basins to precedent rainfall, although the highest correlation still occurred at the 2 mo time scale. Of the 23 basins represented by this component, only 5 showed an in crease in the magnitude of the correlations be tween the SSI and the SPI following upstream regulation. This component represented the Minho basin, numerous Pyrenean tributaries and the lower reaches of the Ebro River, the Tormes system in the Douro basin, the northern sector of the Segura basin and the middle sector of the Guadalquivir River. The correlation curves for PC2 (31.1% of the variance) reflect a very large change in the response between the pre-and post-regulation periods. Prior to regulation, these basins showed greatest sensitivity at the 2 mo time scale, with correlations decreasing over longer time scales. Following regulation the streamflows responded at longer time scales, with higher correlations with the SPI time scales occurring between 8 and 38 mo; thus, they tended to conform to the second major general pattern observed, which was characterized by long time inertia in the hydrologic response to meteorological drought conditions. This second component characterized the response of hydro logical droughts for most of the Guadiana basin, the northern sector of the Jucar basin, the Ebro River downstream of the Ribarroja-Mequinenza-Flix reservoir system, and basins that drain from the northern mountain ranges of the peninsula, including the Aragón River system in the Ebro basin. PC3 explained 19.6% of the variance and was related to basins that before damming showed a high correlation between the SSI and the SPI at medium and long time scales (r > 0.5; 7 to 28 mo). Following regulation these basins underwent a homogenization of the temporal inertia, with correlations of approximately r = 0.4 over all time scales analyzed. the use of the dam regulating each basin. In basins regulated by reservoirs used for hydropower generation (Fig. 6a) , the regulation did not greatly alter the patterns of response to meteorological droughts. Although the time scale showing the maximum correlation increased with damming, the change was very small (from an average of 2 mo to an average of 5 mo). The response caused by regulation for hydro power generation use was typical of those basins represented by PC1 (70% of the river basins regulated exclusively for hydroelectric use were represented by this principal component; Fig. 5a ); for these there was a small decrease in the correlation values, but only a minor shortening of the time scale at which the strongest hydrological response to climactic drought occurred. However, where reservoirs were used for hydropower generation in combination with other uses, including urban supply or irrigation (Fig. 6b) , the time scales at which the highest correlations between the SSI and the SPI were recorded changed considerably between the pre-and post-damming periods, from time scales of 2 to 12 mo to time scales of 5 to 20 mo. These types of reservoir were characterized by more sustained water storage over time (compared with hydropower generation), to enable the demand created by different uses to be met. This resulted in significant delays in the sensitivity of the streamflow to rainfall variability, which was probably closely related to the larger impoundment capacity. Thus, a significant positive correlation (Kendall's Tau = 0.25; α < 0.05) was found between the impoundment ratio (IR; the ratio of the reservoir capacity to the mean annual runoff from each basin, expressed as a dimensionless decimal fraction; Batalla et al. 2004 ) and the SPI time scale at which the maximum correlation with the SSI was observed.
For reservoirs used exclusively for irrigation purposes, a greater lag occurred in the response of streamflows to the SPI. In these cases, prior to damming the SSI showed a maximum correlation with the SPI at short and medium time scales (the median corresponds to the 4 mo time scale), but after damming the median of the scale at which the maximum corre lation oc curred corresponded to the 19 mo time scale.
DISCUSSION
The analyses performed revealed 2 main patterns of streamflow response to drought over various time scales in both regulated and unregulated river basins. The dominant pattern was related to the first principal component in all the analyses performed, and was characterized by a brief and intense hydrological response to precipitation deficits over short time scales. This peak response pattern was observed in the northern part of the IP, and has previously been reported for several small basins in Hungary, where high correlations were found between streamflows and the SPI calculated at the 2 mo time scale (Szalai et al. 2000) ; a similar observation was made for the Aragon River basin in the central Pyrenees (Vicente- . The rapid response is associated with the generation of intense precipitation runoff, which is favored in relatively small drainage areas having steep slopes and low permeability rock substrates (2013) . However, in the case of regulated basins, the response pattern of a basin was found to depend on the water management strategies applied and the use of the reservoir and, in the case of unregulated basins, on the lithology of the basin. For unregulated basins, the first principal component (representative of watersheds in the headwaters) showed a correlation between the SSI and the SPI at short time scales, which was likely to be associated with the occurrence of high runoff coefficients in areas dominated by non-permeable litho logy. The second principal component reflected a hydrological response to meteorological drought conditions over long time scales. As noted by Lorenzo-Lacruz et al. (2010) , the role of permeable lithologies is important in some of the areas represented by the second principal component. For these, a combination of permeability and the dominant flat moorland topography enables the establishment of discharge and recharge processes between river courses and groundwater aquifers. According to Soulsby et al. (2010) , a dominance of freely draining substrates (such as lime stone) in watersheds facilitates aquifer recharge and generates long transit times within a basin. This re sults in a weak response in terms of generation of precipitation runoff, and, consequently, the streamflow response to rainfall deficits occurs over longer time scales. In these unregulated basins the processes of recharge and groundwater discharge act as natural reservoirs, generating impacts similar to those produced by large-capacity reservoirs.
The 3 effects of the propagation of drought in the underground part of the hydrological cycle (Peters et al. 2003) were observed in the basins having a sustained hydrological response to meteorological drought: (1) the attenuation of deficits generated by meteorological drought during the aquifer recharge period (in the present study reflected in the low correlations between the SSI and the SPI at short time scales); (2) a greater delay in the streamflow response to precipitation deficits that generated little aquifer recharge in preceding months (in the present study reflected in high correlations between the SSI and the SPI at medium time scales); and (3) the synergistic effect produced by effects (1) and (2), which generate long multi-annual droughts (in the present study reflected in high correlations between the SSI and the SPI over long time scales).
Analysis of the impacts of meteorological drought on the basins regulated prior to 1945 revealed the same 2 major response patterns described above. This consistency was also reflected in the spatial distribution of the basins associated with each type of response, and is consistent with the results of López-Moreno et al. (2013) for the Ebro basin. A significant correlation was found between the IR and the time scale at which the maximum correlation between the SSI and the SPI occurred, suggesting that the storage capacity is of major importance in explaining the temporal inertia observed for the regulated systems. This association supports the hypothesis that the use and capacity of a reservoir (smaller capacity reservoirs, usually related to hydropower production; larger capacity reservoirs, usually related to irrigation and urban supply) has an important role in modifying the impact of droughts and in explaining the temporal inertia observed in streamflow response times.
Analysis of the impacts of drought on the hydrological response in basins regulated between 1945 and 2005 enabled us to characterize the patterns of change directly related to water management and river damming. The first pattern of change in the hydrological response to meteorological droughts was characterized by a decrease in the sensitivity of streamflows to rainfall variability but no change in the temporal response, which continued to occur over short SPI time scales. The second pattern was characterized by a major change in the response, from high sensitivity at short time scales (peak response type) to a continuous response over much longer time scales (sustained response type). The results obtained for basins exhibiting the second pattern coincide with the findings of Vicente- , who showed that streamflows in the Aragón River responded at short time scales, whereas the outflows from the Yesa reservoir responded over longer time scales; a similar phenomenon was observed in the headwaters of the Tagus River (Lorenzo-Lacruz et al. 2010) . Collectively, these results demonstrate that regulation modifies the response times of streamflow to drought, and tends to smooth the impacts of meteorological drought, extending the time scales over which the impacts on streamflow conditions occur. The third pattern was characterized by an enhanced response at medium time scales prior to damming, whereas after damming the response of the streamflow to accumulated precipitation deficits was re-distributed among all the analyzed time scales, maintaining regular storage rates.
Although hydropower generation has historically been considered to be a non-consumptive use of water, it has been shown that the losses caused by evaporation (e.g. from reservoirs used for this purpose) are not negligible (Mekonnen & Hoekstra 2012) . The losses resulting from evaporation may explain the decreasing influence of the SPI on the behavior of the SSI, which was evident in a reduction in the magnitude of the correlations between the SSI and the SPI over short time scales following water regulation.
The multi-annual regulation associated with systems with great storage capacity, which are generally associated with irrigation use, is responsible for the large time lags between the occurrence of rainfall de ficits and when they become evident in the stream flow downstream of reservoirs. However, the attenuating effect of reservoirs on the hydrologic response to meteorological drought conditions over short time scales generates a delayed and more sustained response over long time scales. This is likely to be related to the large amount of precipitation necessary to restore the original reservoir storage rates following an episode of prolonged drought.
Based on these results, there are several implications for water management. The response of streamflows to long time scales of precipitation variability in basins regulated by reservoirs used for irrigation purposes could suggest that the operation of large-sized reservoirs does not assure water supply under prolonged meteorological drought conditions. Moreover, the 'continuous demand' operational strategy followed by the water management agencies on the IP assumes that reductions in water availability will be directly reflected in the water supply. Large reservoirs may smooth drought impacts short-term, but, if the water demand for irrigation (even higher during meteorological drought episodes and also under current global warming scenario) cannot be adapted to uncertain water availability, the impacts of droughts would be most sustained and intense in the longterm. Contrary to reservoirs used for other purposes, those used as an irrigation supply show a greater relationship between the surface occupied by water and storage capacity; considering the increased temperature and evapotranspiration rates (Brunet et al. 2007 , Espadafor et al. 2011 ), large-sized reservoirs would be expected to show a greater decrease in available water resources as a consequence of increased direct evaporation (Parry et al. 2000) . Moreover, current climate change projections for the 21st century indicate a decrease in precipitation and a strong increase in potential evapotranspiration rates (CEDEX 2010). Thus, Moratiel et al. (2010) analyzed potential evapotranspiration projections for Spain at the end of the 21st century, and reported a likely increase of 80 to 430 mm relative to 1970−2000 levels, depending on the climate change scenario. Hydrological simulations under natural regimes for the whole IP show a strong decrease of streamflow during the 21st century. Estrela et al. (2012) indicated a mean global reduction of water resources by 17% under a 2.5°C increase in mean annual temperature and a decrease of 8% in mean annual precipitation. Given the strong influence of meteorological droughts on hydrological droughts identified in this study, problems of water scarcity may strongly increase in the future during the severe drought episodes that commonly affect the region (VicenteSerrano 2006b). Thus, although water regulation may reduce the direct influence of meteorological droughts on water resources, given the high storage capacity installed on the IP, it is expected that this regulation capacity will decline in the future under a scenario of more aridity, and the strong reduction of available water resources due to recent drought events (e.g. 1995, 2007 and 2012) will probably aggravate the situation in the near future.
CONCLUSIONS
In this study we analyzed the impact of meteorological drought and water regulation on the streamflow response in 187 Iberian drainage basins, by relating the SSI and the SPI calculated at various time scales. The analysis revealed 2 major patterns of hydrological response to the accumulated precipitation deficits at different time scales: (1) an intense peak response at short time scales, with the highest correlation at the 2 mo time scale, mainly associated with the northern basins of the IP; and (2) a sustained response over long time scales, associated with most of the central and southern basins of the IP.
Analysis of individual unregulated basins and those regulated prior to 1945 revealed the 2 patterns described above, although, in the case of the unregulated basins, the large temporal inertia observed in some was related to a high percentage of limestone lithology and not to water regulation. Those rivers that became regulated during the study period showed 3 patterns of change in terms of the response of the SSI at different time scales of the SPI. The first involved a decrease in the sensitivity of the stream-flow to meteorological drought, but no significant change in the time scales at which the highest correlations were recorded (short SPI time scales); this pattern was particularly associated with reservoirs used for hydropower generation. The second pattern resulting from river damming was characterized by a major change in the time scale at which the max imum correlation was recorded: from an intense response at short time scales to a sustained response over long time scales. This pattern was mainly associated with reservoirs used for irrigation purposes. The third pattern was related to homogenization of the response across all of the time scales analyzed, and was mainly associated with mixed-use reservoirs.
It has been demonstrated that large reservoirs used for mixed and irrigation purposes significantly alter the natural response of hydrological droughts to climatic droughts. The operation of this kind of reservoir mitigates the impacts of drought on streamflows at short time scales, at the expense of extending the impacts of drought over longer time scales. When persistent meteorological drought episodes occur, the ability of reservoirs to moderate their negative impacts decreases. This finding could have significant consequences for the future availability of water resources on the IP, as more frequent and severe drought episodes are expected during the 21st century (Feyen & Dankers 2009 ). This will compound the uncertainty concerning the future state of water resources on the IP under conditions of global change. 
